The explanations of two experiments in general relativity require an average coordinate and an average proper velocity of light. It is shown that both average velocities are necessary for the complete description of the propagation of light in a gravitational field and in non-inertial reference frames in general. The usefulness of the average proper velocity of light is demonstrated (i) by showing that for a round trip of a light signal between two points the Shapiro time delay not only depends on which point it is measured at, but in the case of a parallel gravitational field it is not always a delay effect, and (ii) by calculating the potential and the electric field of a charge supported in a gravitational field directly in the non-inertial reference frame N g in which the charge is at rest. The average proper velocity of light gives rise to an unnoticed so far Liénard-Wiechert-like contribution to the potential of the charge which explains why an early attempt to calculate these quantities in N g by Fermi in 1921 was unsuccessful.
Introduction
A closer study of the Einstein thought experiment [1] designed to demonstrate that a horizontal light ray bends in an elevator at rest in a gravitational field of strength g reveals that its thorough explanation requires the introduction of an average coordinate velocity of light that is different from c. Consider two extra light rays parallel and anti-parallel to the gravitational acceleration g which are emitted simultaneously with the horizontal ray from the ceiling and the floor of the elevator, respectively. As the three rays meet at a common point which is closer to the elevator's floor it follows that the average coordinate velocity of the light ray parallel to g is greater than c (since the distance it travels is greater than that of the horizontal ray) whereas the average coordinate velocity of the ray propagating in the opposite direction is smaller than c (see Figure 1 and the detailed discussion in Section 2).
The explanation of the Shapiro time delay [2] , [3] involves an average proper velocity of light that is also different from c. The fact that it takes more time for a light signal to travel between two points M and N in a gravitational field than between the same points in flat spacetime as determined by an observer at one of the points indicates that the average velocity of light between the two points is smaller than c. As the proper time of the observer is used in measuring that velocity it seems appropriate to call it average proper velocity of light. Unlike the average coordinate velocity the average proper velocity of light between two points depends on which point it is measured at. This fact confirms the dependence of the Shapiro time delay on the point where it is measured and shows, as we shall see in Section 3, that in the case of a parallel gravitational field it is not always a delay effect. A light signal will be delayed only if it is measured at a point M that is farther from the gravitating mass producing the parallel filed; if it is measured at the other point N, closer to the mass, it will take less time for the signal to travel the same distance which shows that the average proper velocity of the signal determined at N is greater than that measured at M and greater than c.
It will be shown in Section 4 that the employment of the average proper velocity of light makes it possible to calculate the potential and the field of a charge supported in a gravitational filed directly in the non-inertial reference frame N g in which the charge is at rest without the need to transform the field from a local inertial frame. The standard way of finding the electric field in non-inertial frames (N g or an accelerating frame N a ) is precisely by transforming the field from a local inertial frame to N g or from a co-moving inertial frame to N a [4] . In 1921 Fermi calculated the potential and the electric field of a charge at rest in a gravitational field but got an extra factor of 1/2 in the expressions for the potential and the field as determined in N g [5] . The use of the average proper velocity of light leads to an anisotropic (Liénard-Wiechert-like) volume which accounts for the 1/2 factor in Fermi's expressions for the potential and the field of the charge.
Due to the calculation of the average velocities of light and the electric field of a charge in N a and N g to verify their agreement with the equivalence principle only a parallel gravitational field will be considered in the paper. That is why the expressions for the average light velocities will be derived for this case. Their generalized expressions for the case of the Schwarzschild metric and other metrics can be easily obtained.
The introduction of the average velocities of light also sheds some light on a subtle feature of the propagation of light in the vicinity of a massive body -whether or not light falls in its gravitational field. The particle aspect of light seems to entail that a photon, like any other particle, should fall in a gravitational field (due to the mass corresponding to its energy); the deflection of light by a massive body appears to support such a view. And indeed this view is sometimes implicitly or explicitly expressed in papers and books although the correct understanding is clearly stated in most books on general relativity (see for instance [6] and [7] ). It has been recently claimed that the issue of whether or not a charge falling in a gravitational field radiates can be resolved by assuming that the charge's electromagnetic field is also falling [8] . An electromagnetic field falling in a gravitational field, however, implies that light falls in the gravitational field as well. Even Einstein and Infeld appear to suggest that as a light beam has mass on account of its energy it will fall in a gravitational field: "A beam of light will bend in a gravitational field exactly as a body would if thrown horizontally with a velocity equal to that of light" [1] . This comparison is not quite precise since the vertical component of the velocity of the body will increase as it falls whereas the velocity of the "falling" light beam is decreasing, as we shall see below. Statements such as "a beam of light will accelerate in a gravitational field, just like objects that have mass" and therefore "near the surface of the earth, light will fall with an acceleration of 9.81 m/s 2 " have found their way in introductory physics textbooks [9] . It will be shown in Section 3 that during its "fall" in a gravitational field light is slowing down -a negative acceleration of 9.81 m/s 2 (near the Earth's surface) is decreasing its velocity.
Average coordinate velocity of light
Why the average velocity of light between two points in a gravitational field is not equal to c can be most clearly shown by considering two extra light rays parallel and anti-parallel to the gravitational acceleration g in the Einstein thought experiment involving an elevator at rest in the Earth's gravitational field (Figure 1 ).
2r -r Three light rays are emitted simultaneously in the elevator (representing a non-inertial reference frame N g ) from points A, C, and D toward point B. The emission of the rays is also simultaneous in the local Lorentz (inertial) frame I which is momentarily at rest with respect to N g . At the moment the light rays are emitted I starts to fall in the gravitational field. At the next moment it will appear to an observer in I that the elevator moves upward with an acceleration g = |g|. Therefore as seen from I the three light rays will arrive simultaneously not at point B, but at B ′ since for the time t = r/c the elevator moves (from I's viewpoint) at a distance δ = gt 2 /2 = gr 2 /2c 2 . As the simultaneous arrival of the three rays at point B ′ is an absolute fact due to its being a single event, it follows that the rays arrive simultaneously at B ′ as seen from N g as well. Since for the same coordinate time t = r/c in N g the three light rays travel different distances DB ′ ≈ r, AB ′ = r + δ, and CB ′ = r − δ before arriving simultaneously at B ′ an observer in N g concludes (to within terms ∼ c −2 ) that the average velocity of the light ray propagating from A to B ′ is slightly greater than c
The average velocity c g CB ′ of the light ray propagating from C to B ′ is slightly smaller than c
It is easily seen that to within terms ∼ c −2 the average velocity of light between A and B is equal to that between A and B ′ , i.e. c 
and c
As the average velocities (1) and (2) are not determined with respect to a specific point since the coordinate time t is involved in their calculation, it is clear that the expressions (1) and (2) represent the average coordinate velocities between the points A and B and C and B, respectively. These expressions for the average coordinate velocity of light in N g can be also obtained from the coordinate velocity of light at a point in a parallel gravitational field. In such a field proper and coordinate times do not coincide whereas proper and coordinate distances are the same [10] as follows from the standard spacetime interval in a parallel gravitational field [11] 
The coordinate velocity of light at a point z can be obtained from (3) (for ds 2 = 0)
The + and − signs are for light propagating along or against + z, respectively. Therefore, the velocity of light at a point z is locally isotropic in the z direction.
Using (4) we can write for the average coordinate velocity of light propagating between A and B (See Figure 1 )
For the average coordinate velocity of light propagating between B and C we obtain
since z C = z B − r. When the coordinate origin is at point B (z B = 0) the expressions (5) and (6) 
As expected this expression coincides with (5).
The average coordinate velocities (5) and (6) correctly describe the propagation of light in N g yielding the right expression δ = gr 2 /2c 2 (See Figure 1) . It should be stressed that without these average coordinate velocities the fact that the light rays emitted from A and C arrive not at B, but at B ′ cannot be explained. As a coordinate velocity, the average coordinate velocity of light is not determined with respect to a specific point and depends on the choice of the coordinate origin. Also, it is the same for light propagating from A to B and for light travelling in the opposite direction, i.e. c g AB = c g BA . Therefore, like the coordinate velocity (4) the average coordinate velocity is also isotropic. Notice, however, that the average coordinate velocity of light is isotropic in a sense that the average light velocity between two points is the same in both directions. But as seen from (5) and (6) the average coordinate velocity of light between different pairs of points, whose points are the same distance apart, is different. As a result as seen in Figure 1 the light ray emitted at A arrives at B before the light ray emitted at C.
In an accelerating elevator, representing a non-inertial reference frame N a , where the metric is
the expressions for the average coordinate velocity of light between A and B and B and C, respectively, are 
Average proper velocity of light
The average coordinate velocity of light explains the propagation of light in the Einstein elevator, but cannot be used in a situation where the average light velocity between two points (say a source and an observation point) is determined with respect to one of the points. Such situations occur in the Shapiro time delay and, as will be shown in Section 4, when one calculates the potential and the electric field of a charge in a gravitational field in the non-inertial reference frame N g of an observer supported in the gravitational field. As the local velocity of light is c the average velocity of light between a source and an observation point depends on which of the two points is regarded as a reference point with respect to which the average velocity is determined (at the reference point the local velocity of light is c). The dependence of the average velocity on which point is chosen as a reference point demonstrates that that velocity is anisotropic. This anisotropic velocity can be regarded as an average proper velocity of light since it is determined with respect to a given point and therefore its calculation involves the proper time at that point.
Consider a light source at point B (See Figure 1) . To calculate the average proper velocity of light originating from B and observed at A (that is, as seen from A) we have to determine the initial velocity of a light signal at B and its final velocity at A, both with respect to A. As the local velocity of light is c the final velocity of the light signal determined at A is obviously c. Noting that in a parallel gravitational field proper and coordinate distances are the same we can determine the initial velocity of the light signal at B as seen from A
and dτ A is the proper time at A dτ A = 1 + gz A c 2 dt.
As z A = z B + r and gz A /c 2 < 1 (see the end of the section) for the coordinate time dt we have (to within terms ∼ c −2 )
Then
Therefore an observer at A will determine that a light signal is emitted at B with the velocity (8) and during the time of its journey toward A (away from the Earth's surface) will accelerate with an acceleration g and will arrive at A with a velocity exactly equal to c. 
As the local velocity of light at A is c it follows that if light propagates from A toward B its average proper velocityc g AB (as seen f rom A) will be equal to the average proper velocity of lightc g BA (as seen f rom A) propagating from B toward A. Thus, as seen from A, the back and forth average proper velocities of light travelling between A and B are the same. This also means that for an observer at A a light signal emitted at A with c (since the local velocity of light at A is c) is subjected to a negative acceleration g and will slow down as it "falls" in the Earth's gravitational field; the signal will arrive at B with the velocity (8) as determined from A. Now let us determine the average proper velocity of light between B and A with respect to point B. A light signal emitted at B as seen from B will have an initial (local) velocity c there. The final velocity of the signal at A as seen from B will be 
If a light signal propagates from A to B its average proper velocityc g AB (as seen f rom B) will be equal tō c g BA (as seen f rom B) -the average proper velocity of light propagating from B to A. For an observer at B a light signal emitted from B with a velocity c will accelerate toward A with an acceleration g and will arrive there with the final velocity (10) . As determined by the B-observer a light signal emitted from A with the initial velocity (10) will be slowing down (with − g) as it "falls" in the Earth's gravitational filed and will arrive at B with a final velocity exactly equal to c.
Comparing (9) and (11) demonstrates that the two average proper velocities between the same points A and B are not equal and depend on where they are measured from. As we expected the fact that the local velocity of light at the reference point is c makes the average proper velocity between two points dependant on where the reference point is. An immediate consequence from here is that the Shapiro time delay does not always mean that it takes more time for light to travel a given distance in a parallel gravitational field than the time needed in flat spacetime.
In the case of a parallel gravitational field the Shapiro time effect for a round trip of a light signal propagating along the z-axis between A and B determined from point A will be indeed a delay effect:
where ∆t f lat = 2r/c is the time for the round trip of light between A and B in flat spacetime. However, an observer at B will determine that it takes less time for a light signal to complete the round trip between A and B:
The average proper velocity of light between A and B can be also obtained by using the average coordinate velocity of light (5) 
As it will turn out in Section 4 it will be useful to express the average proper velocity of light in a vector form for a easier calculation of the potential and the electric field of a charge in N g . For this purpose let the light emitted from B be observed at different points. The average proper velocity of light emitted at B and determined at A is given by (9) . As seen from point C the average proper velocity of light from B to C will be given by an expression derived in the same way as (11) As seen from a point P at a distance r from B and lying on a line forming an angle θ with the gravitational acceleration g the average proper velocity of light from B is c g BP (as seen f rom P ) = c 1 +
Then the average proper velocity of light coming from B as seen from a point defined by the position vector r originating from B has the formc g = c 1 + g · r 2c 2 .
As evident from (12) the average proper velocity of light emitted from a common source and determined at different points around the source is anisotropic in N g -if the observation point is above the light source the average proper velocity of light is slightly smaller than c and smaller than the average proper velocity as determined from an observation point below the source. If an observer at point B (See Figure 1) determines the average proper velocities of light coming from A and C he will find that they are also anisotropic -the average proper velocity of light coming from A is greater than that emitted at C. However, if the observer at B (See Figure 1) determines the back and forth average proper velocities of light propagating between A and B he finds that they are the same (the back and forth average proper velocities of light between B and C are also the same).
The calculation of the average proper velocity of light in an accelerating frame N a gives:
where a is the frame's acceleration. This appears to be an interesting result since a substitution of a = −g in (13) yields (12) as required by the principle of equivalence. The next section will offer us even a stronger reason to look into the question whether this result is an indication that the anisotropic velocity of light in N a and N g provides an insight into what may be the explanation of the equivalence principle. It should be noted that both the average coordinate velocities (1) and (2) and the average proper velocities (12) and (13) cannot become negative due to the constraints on the size of non-inertial frames which ensure that r < c 2 /a and r < c 2 /g [11, p. 169].
Calculation of the electric field of a charge in non-inertial frames
In 1921 Fermi [5] studied the nature of the force acting on a charge at rest in a gravitational field of strength g in the framework of general relativity and the classical electron theory. The potential
he derived, however, contains the 1/2 factor in the parenthesis which leads to a contradiction with the principle of equivalence when the electric field is calculated from this potential: it follows from (14) that the electric field of a charge supported in the Earth's gravitational field coincides with the instantaneous electric field of a charge moving with an acceleration a = −g/2 in flat spacetime (obviously the principle of equivalence requires that a = −g). Now we shall show that the anisotropic average proper velocity of light (12) gives rise to a Liénard-Wiechert-like contribution to the potential ϕ which removes the 1/2 factor in (14) . Taking into account that the propagation of light (and any electromagnetic disturbances) as determined at a point in a gravitational filed is described by (12) leads to two changes in the scalar potential
of a charge at rest in N g ; here ρ is the charge density, V g is the volume of the charge and r g is the distance from the charge to the observation point, both determined in N g .
First, analogously to representing r as r = ct in the calculation of the Liénard-Wiechert potentials in an inertial reference frame [12] , r g can be expressed as r g =c g t in N g . As g · r/2c 2 < 1 we can write (keeping only the terms ∼ c −2 ):
Substituting (r g ) −1 in (15) gives the potential (14) obtained by Fermi. The second change in (15) is a Liénard-Wiechert-like (or rather anisotropic) volume V g (not coinciding with the actual volume V ) which arises in N g on account of the average anisotropic velocity of light there. The origin of V g is analogous to the origin of the Liénard-Wiechert volume V LW = V / (1 − v · n/c) of a charge moving at velocity v with respect to an inertial observer I, where n = r/r and r is the position vector at the retarded time [12, p. 418] . The origin of V LW can be best explained in terms of the "information-collecting sphere" of Panofsky and Phillips [13] used in the derivation of the Liénard-Wiechert potentials; similar concepts are employed by Griffiths [12, p. 418], Feynman [14] , and Schwartz [15] .
A charge approaching an observation point where the potential is determined contributes more to the potential there since it "stays longer within the information-collecting sphere" [13, p. 343 ] which moves at the velocity of light c in I while converging toward the observation point. The greater contribution to the potential may be viewed as originating from a charge of a Liénard-Wiechert volume V LW that appears greater than V [16] . If the charge is receding from the observation point, the information-collecting sphere moves against the charge, the charge stays less within it and the resulting smaller contribution to the potential can be regarded as coming from a charge whose Liénard-Wiechert volume V LW appears smaller than V . By the same argument the anisotropic volume V g also appears different from V in N g . Consider a charge of length l at rest in N g placed along g. The time for which the information-collecting sphere traveling at the average velocity of light (12) in N g sweeps over the charge is
where ∆t I = l/c is the time for which the information-collecting sphere propagating at speed c sweeps over an inertial charge of the same length l in its rest frame. If the observation point where the potential is calculated is above the charge, the information-collecting sphere moves against g in N g , its average velocity is smaller than c (as determined at that point) and therefore ∆t g > ∆t I (since g · r = −gr). As a result the charge stays longer within the sphere and its contribution to the potential is greater. This is equivalent to saying that the greater contribution comes from a charge of a greater length l g which for the same time ∆t g is swept over by an information-collecting sphere propagating at velocity c:
If the point where the potential is determined is below the charge, the length of the charge will appear shorter (since the information-collecting sphere propagates along g meaning that g · r = gr) and the contribution of the charge to the potential at that point will be smaller. The anisotropic volume which corresponds to such an apparent length l g is obviously
Substituting (16) and (17) into (15) we obtain the scalar potential of the charge ρV
or if we keep only the terms proportional to c −2 we get
As seen from (18) making use of V g instead of V accounts for the 1/2 factor in (14) . This is an indication that a complete description of electromagnetic phenomena in N g is not possible without the employment of the average proper velocity of light (12) and the resulting anisotropic volume (17) . Now we can calculate the electric field of a charge ρV g at rest in N g by using only the scalar potential (18) without the involvement of retarded times:
where n = r/r. The distortion of the electric field (19) is caused by the anisotropic velocity of light (12) in N g . The calculation of the potential and the electric field of a charge at rest in an accelerating frame N a gives:
and
The electric field of the charge (21) calculated in N a coincides with its instantaneous field calculated in the co-moving inertial frame I [12, p. 424], [17] . The advantage of calculating the electric field of a charge at rest in N a directly in N a by employing the average proper velocity (13) is obvious -like its calculation in N g the field is obtained only from the scalar potential (20) and no retarded times are involved.
A substitution a = −g in (20) and (21) transforms them into (18) and (19) in accordance with the equivalence principle. Independent calculations in N a and N g of the average proper velocity of light, the potential and the field of a charge at rest in N a and N g , respectively, produce expressions which transform one into another according to the equivalence principle. This fact does not appear to be a mere coincidence. A study of the inertia of a classical charge, its behaviour in a gravitational field, and the equivalence of its inertial and gravitational mass is carried out in another paper [18] . This study further implies that the common anisotropy in the propagation of light in N a and N g gives rise to similar phenomena whose mathematical expressions transform into one another when the substitution a = −g is used. Ultimately, however, the principle of equivalence appears to originate from the same metrics in N a and N g since it is the metrics (3) and (7) that give rise to the anisotropic propagation of light in the non-inertial frames of reference N a and N g . A charge that is falling in a gravitational field is represented by a geodesic worldline in general relativity which means that it is subjected to no force. This implies that the electric field of a falling charge should be the Coulomb field like the field of a free (inertial) charge in flat spacetime whose worldline is also geodesic. To verify this let us calculate the electric field of a charge falling in the Earth's gravitational field with an acceleration a = g. We note that the Liénard-Wiechert potentials must include the correction due to the average anisotropic velocity of light in N g :
where, as usual, the subscript "ret" indicates that the quantity in the square brackets is evaluated at the retarded time. The electric field of a charge falling in N g (and considered instantaneously at rest in N g [19] ) obtained from (22) and (23) is:
which obviously reduces to the Coulomb field
Therefore the instantaneous electric field of a falling charge is not distorted. This result sheds light on the question why in general relativity a charge falls in a gravitational field "by itself" with no force acting on it. As (24) shows, the only way for a charge to compensate the anisotropy in the propagation of electromagnetic disturbances and to preserve the Coulomb shape of its electric field is to fall with an acceleration g. If the charge is prevented from falling its electric field distorts and a self-force caused by the distorted field starts to act on the charge forcing it to move (fall) in such a way that its Coulomb field is restored; as a result the self-force disappears [18] . In short, the reason why a charge falls in a gravitational field is to prevent its field from being distorted by the anisotropic propagation of light there. The above result that the instantaneous electric field of a falling charge is not distorted is a new argument in the ongoing debate on whether or not a charge falling in a gravitational field radiates [4] , [8] , [20] - [25] . It is clear from (24) that a falling charge does not radiate since its electric field does not contain the radiation r −1 terms. If those terms were present in the field of a falling charge this would constitute a contradiction with the principle of equivalence since the field of a charge falling in an accelerating frame N a is the Coulomb field and therefore it does not radiate -the charge moves with constant velocity and it is the frame N a that approaches the charge and creates the impression that it is the charge that falls in N a .
Conclusions
It has been shown that the complete description of the propagation of light in non-inertial frames of reference require an average coordinate and an average proper velocity of light. We have seen that the average coordinate velocity is needed to account for the propagation of light in the Einstein thought experiment -to explain the fact that two light signals emitted from points A, and C in Figure 1 meet at B ′ , not at B. The usefulness of the average proper velocity of light was demonstrated in two cases (i) it reveals that in the case of a parallel gravitational field the Shapiro time effect is not always a delay effect and (ii) it is necessary for the calculations (carried out directly in N a and N g ) of the potential and the electric field of a charge in the non-inertial frames N a and N g in which the charge is at rest without the need to transform the electromagnetic field from a local or co-moving inertial reference frame. If the average proper velocity of light is not taken into account, those calculations in N a and N g do not yield the correct expressions for the potential and the electric field of a charge.
